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ABSTRACT

Airborne respiratory diseases such as COVID-19 pose significant challenges to public transportation. Several recent outbreaks of SARS-
CoV-2 indicate the high risk of transmission among passengers on public buses if special precautions are not taken. This study presents a
combined experimental and numerical analysis to identify transmission mechanisms on an urban bus and assess strategies to reduce risk.
The effects of the ventilation and air-conditioning systems, opening windows and doors, and wearing masks are analyzed. Specific attention
is paid to the transport of submicron- and micron-sized particles relevant to typical respiratory droplets. High-resolution instrumentation
was used to measure size distribution and aerosol response time on a campus bus of the University of Michigan under these different con-
ditions. Computational fluid dynamics was employed to measure the airflow within the bus and evaluate risk. A risk metric was adopted
based on the number of particles exposed to susceptible passengers. The flow that carries these aerosols is predominantly controlled by
the ventilation system, which acts to uniformly distribute the aerosol concentration throughout the bus while simultaneously diluting it
with fresh air. The opening of doors and windows was found to reduce the concentration by approximately one half, albeit its benefit
does not uniformly impact all passengers on the bus due to the recirculation of airflow caused by entrainment through windows. Finally,
it was found that well fitted surgical masks, when worn by both infected and susceptible passengers, can nearly eliminate the transmission of
the disease.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037452

I. INTRODUCTION

The COVID-19 pandemic has affected people throughout the
world, and recovery from the pandemic depends upon a detailed
understanding of how transmission occurs through the various
ways humans interact in society. It is known that among the dif-
ferent pathways of transmission, a dominant mode is that air-
borne particles carry the virus from person to person.' To date,

transmission of SARS-CoV-2 has predominantly taken place in
indoor spaces, especially those with poor ventilation.”” Tt is there-
fore not surprising that the COVID-19 pandemic poses signifi-
cant challenges to public transportation. The primary focus of this
study is on the factors that contribute to disease transmission on
urban buses.

The most documented case of COVID-19 transmission on a
bus is from an outbreak on a long-distance coach on January 22 in
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Hunan, China.* Security cameras showed that the contagious indi-
vidual had not interacted with others on the bus, yet 8 of the 45
passengers were infected over the 4-h journey. Moreover, a passen-
ger was infected who boarded 30 min after the contagious passen-
ger disembarked. A similar situation occurred in Zhejiang province
around the same time as the Hunan event.’ 128 individuals traveled
on two buses to a worship event in Eastern China. It was deter-
mined that those who rode the bus with air recirculation enabled
had an increased risk of infection compared with those who rode a
different bus. It was suggested that airborne transmission may par-
tially explain the increased risk of SARS-CoV-2 infection among the
passengers.

Urban buses are an important part of many public transporta-
tion systems and are unique from coach buses in that trips are typi-
cally much shorter (tens of minutes), the passengers may be standing
or seated, and they make frequent stops. Although urban buses are
heavily used in urban and suburban areas throughout the world, the
transmission of airborne particles on urban buses has received little
attention.

The shedding of virus-laden particles is a complicated biolog-
ical process by which mucus lining the lungs contains the virus,
and as air passes through the respiratory tract, small droplets are
formed and pass through the mouth and into the surrounding
air. The droplets vary in size, from sub-micron to greater than
50 ym.’ The virus shedding rate is a fundamental quantity that
defines the rate at which the virus becomes airborne, yet it is dif-
ficult to quantify. The process depends on the individual’s breath-
ing rate, which varies from person to person, and for an individ-
ual depends on the activity level, such as resting, walking, speak-
ing, singing, shouting, coughing, and sneezing.” The analysis of a
superspreading event at a choral rehearsal in the state of Washing-
ton in the USA estimates the rate to be around 970 quanta/h.” In
addition, key factors such as the location of the virus within the
respiratory tract and the quantity of virus influence the contagious-
ness of airborne droplets. While it is difficult to directly measure,
recent studies’ indicate that the shedding rate A is in the range of
1<A<50s7"

To date, the vast majority of simulation efforts to predict expo-
sure to droplet transmission consider computational fluid dynam-
ics (CFD) where the turbulent air flow is solved using Reynolds-
averaged Navier-Stokes (RANS) coupled with Lagrangian particle
tracking. Recent examples include transmission of pathogen-laden
expiratory droplets (with specific attention to the novel coronavirus;
SARS-CoV-2) on buses,'” * office buildings,” in hospitals,“5 and
outdoor environments.'® CED of aerosol transmission in buses have
been studied to assess the influence of filtration ventilation modes,
relative humidity (RH), seat arrangement, among other factors, in
the context of SARS-CoV-2," influenza,'’ and air pollutants.] 13
Yang et al.'” performed numerical simulations to assess the impact
of ventilation modes and relative humidity on droplet transmissions
in a coach bus. They considered 14 passengers and droplets of two
sizes (10 ym and 50 pym) with five air conditioning supply direc-
tions. It was found that ventilation, relative humidity (RH), and
initial droplet size significantly influence transmission. It was recom-
mended that high RH, backward supply direction, and seating pas-
sengers at nonadjacent seats can effectively reduce the risk of infec-
tion through droplet transmission in buses. Another CFD study ana-
lyzed the effects of window openings on self-pollution for a school
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bus."" It was found that opening the driver’s window could increase
exhaust through the window and door gaps in the back of the school
bus, while opening windows in the middle of the bus could miti-
gate this phenomenon. Increasing the driving speed was also found
to promote higher ventilation rates and further dilute the air. While
these studies provide important insight into factors contributing to
transmission rates on buses, detailed analyses are limited, especially
on urban buses. Even more, experimental measurements of aerosol
transmission on buses remain elusive.

The purpose of this study is to investigate the transport of
aerosols through an urban bus to identify key factors that con-
tribute to disease transmission and provide guidelines for mitigation
strategies. Experiments are performed to investigate the transport of
polydisperse droplets under different settings of the air conditioning
system. The experiments also quantify the influence of opening the
doors or the windows of the bus. High resolution CFD simulations
are performed to determine the transport of small (<5 ym) parti-
cles and investigate the role of the air-conditioning, the location of
the infected passenger, the role of face coverings, and the effects of
opening the windows and doors. A risk metric is defined based on
the number of particles exposed to susceptible passengers.

Il. DESCRIPTION OF THE URBAN BUS, RISK
OF RIDING, AND MITIGATION STRATEGIES

In this work, an urban bus that is used on the campus of the
University of Michigan is studied. The capacity of the bus is 35 pas-
senger seats, with room for up to additional 30 standing passengers.
The bus makes frequent stops of ~30 s-60 s, every one to four min-
utes. The longest ride from terminus to terminus of any one of the
newly redesigned bus routes is 15 min.'"” The bus dimensions are
12.1 x 2.58 x 295 m> (L x W x H) and a rendering of the bus is
shown in Fig. 1.

The airflow within the bus is affected by the air-conditioning
system (heating, ventilation, and air conditioning—HVAC), the
opening of windows and doors, breathing, thermal effects, and pas-
senger movement when loading and unloading. The HVAC system
can provide a maximum flow rate of 2500 ft°/min (70.8 m®/min),
and the interior volume of the bus is ~2000 ft* (56.6 m*). The HVAC
flow rate and bus interior volume correspond to ~60 air-changes/h.
The single ventilation fan draws air from within the passenger com-
partment through a return vent and adds 20% fresh air from outside
before returning the air to the passenger compartment through sup-
ply vents. The HVAC return and supply vents are shown in Fig. 1.
The orientation of the HVAC supply vents is such that air exits ver-
tically downward. The dimension of each supply vent is 9 in by
1 in (0.229 x 0.0254 m*) and that of the single return vent is 4 ft
x 1.5 ft (1.22 x 0.457 m®). A total of 42 supply vents are located
along both sides of the bus ceiling, a pair of which are directly above
the driver seat.

There are 14 windows that open, including one near the driver.
The opening part of each window is 10 inches by 3 feet and 8 inches,
or 0.25 meters by 1.09 meters. There are forward and rear loading
doors on the passenger side of the bus. A transparent shield door
is installed between the driver and passenger areas to impede virus
transmission between the two areas so that only the rear door is used
for loading and unloading.
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FIG. 1. Perspective view of the urban bus interior.

Much of the work toward mitigation in public spaces is based
on the distance that should be kept between people, commonly
referred to as social distancing. The early work'® demonstrates that
the larger heavier particles, those greater than 100 ym, fall within
2 m of being exhaled. This principle is used throughout the world for
socially distancing guidelines, but it does not account for the influ-
ence of convection of the small particles that travel with the ambient
air currents. Furthermore, it is becoming clear that very small parti-
cles, those that do not fall to the ground, stay suspended in air and
travel passively with the ambient air flow.' In order to safely use
urban buses, it is important to understand virus transport via the
smallest particles so that effective mitigation strategies can be imple-
mented. Toward this goal, in this paper, high resolution numerical
simulations are conducted to predict the travel of particles that are
subjected to all the relevant forces that govern its transport through
the passenger cabin, with particular attention to the turbulent flow
that dominates the transport of the small aerosols.

The risk associated with riding a bus is quantified by directly
calculating the number of inhaled particles at each location on the
bus with contagious passengers located in different positions. Addi-
tionally, the role of masks is demonstrated by using a simple model
of mask effectiveness based on the recent literature.'” Finally, the
influence of using the variable speed HVAC system and opening the
windows and doors is quantified.

The infected passenger is characterized as shedding the virus at
the highest suggested rate’ of 50 s~ . This number is based on the lit-
erature and analysis of several spreading events in Asia and Europe.
The shedding rate represents a worst-case scenario corresponding
to a highly contagious passenger speaking loudly and continuously
throughout the bus ride. It is assumed that only one infected pas-
senger is present, and the analysis investigates transmission with the
infected passenger either standing in the front or in the middle of
the bus.

lll. EXPERIMENTAL ANALYSIS
A. Experimental setup

One aerosol generator and two sampling instruments were uti-
lized to measure aerosol transport and dispersion and emulate an

infected passenger on an urban bus. A theatrical fog machine (CO-
Z Portable Fog Machine, 400 W) was used to generate aerosols
using a water-based “fog juice.” The nontoxic water-based fog juice
is comprised of deionized water, propylene glycol [C3HgO,, com-
plete active space (CAS) number 57-55-6], and triethylene glycol
(C6H1404, CAS number 112-27-6). The injection time of all cases
was 3 s to generate sufficient mass and consistent concentration of
the aerosol.

The target range of the aerosol size measurement was from
5 nm to 10 ym (10000 nm) to include the size of the virus
itself, virus-containing aerosols, and droplets. Two different types of
instruments were used in this study: (i) a TSI EEPS (Engine Exhaust
Particle Sizer) Model 3090 for measuring nano-sized aerosol size
and numbers and (ii) a TSI OPS (Optical Particle Sizer) Model 3330
for quantifying the micro-sized aerosol size and numbers. The two
instruments were connected at a unified sampling location via a tee
fitting, as shown in the upper schematic diagram in Fig. 2.

Smoke
Generator

A “Tee fitting’ for simultaneous aerosol measurement

= Sprayplume

2 ft. (=0.61 m)

2 sec 3 sec

1sec

0 sec

FIG. 2. Schematic and pictures of sampling configuration for the evaluation of size
distribution from the smoke generator.
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The EEPS instrument measures the number and size distribu-
tion of aerosols from the 6 nm to 520 nm range with a high temporal
resolution (10 Hz), which permits instant visualization of aerosol
dynamics during transient events. The TSI Optical Particle Sizer
(OPS) Model 3330 is a portable instrument that also provides a fast
measurement of aerosol concentration and size distribution using an
optical particle counting technology. The OPS instrument has a size
range from 0.3 ym to 10 ym with the 1 Hz time resolution.

The two instruments were mounted in a stacked configuration
on a cart to permit movement to different sampling locations on the
bus. Thus, the release of aerosol in different locations of the bus was
enabled by the use of the portable smoke generator, and the sampling
at different locations in the bus enabled assessment of aerosol trans-
port times and aerosol dilution throughout the bus. The instruments
were benchmarked each time using ambient aerosols and a high-
efficiency particulate air (HEPA) filter (99.97% capture for particles
larger than 3 ym) for accurate measurements.

Both the aerosol measuring instruments count the particle
numbers in a specific range of the aerosol diameter. The EEPS mea-
sures 22 electrometer channels and draws 32 aerosol diameter sizes
from 6 nm to 520 nm, while the OPS measures 16 ranges of aerosol
diameters from 0.3 ym to 10 ym. A conversion equation is neces-
sary to calculate the total concentration for each instrument for each
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bin that comprises a particle size range. The calculation method for
total concentration (total number) used for the EEPS and OPS data
processing is given by

D
N= / " diNdlogDp, (1)
D, dlogD,

where D, is the channel midpoint of the particle diameter and N
represents the concentration in a specific range of diameter (Dj). Dp1
and Dj; are the target range of the aerosol total concentration. In this
study, the EEPS used the D;; and D, values as 6 nm and 520 nm,
and the OPS used 300 nm to 10 um for containing the maximum
range of the instrumental diameter size windows. The total concen-
tration is expressed as a concentration size spectral density in dN/d
log D, (cm™) with units of N (cm™>). The logarithmic term arises
from the fact that the size classes are logarithmically spaced. In order
to convert dN/d log D, (cm™®) to N (cm™?), the dN/d log D, values
of interest were summed and divided by the number of channels for

each instrumental value.

Prior to conducting the experiments, the aerosols emitted from
the smoke generator were measured using the two instruments. Fig-
ure 2 illustrates a schematic of aerosol generation and the measure-
ment setup (top figure) and images of the smoke plume at different
instances in time (bottom pictures). Figure 3 shows the results of

)
1.0x10* T
—— 1% Injection ‘
s —_—n Injection‘
8.0x10° —— 3" Injection | |
5 Airborne range
6.0x10° - 4
4.0x10°F 1
2.0x10%F Max. D, from the generator |
=T pm/
0.0 L

1 10
Particle Size (D)) [um]

FIG. 3. Smoke generator emitting aerosol size distribution and concentrations: (a) EEPS—nanorange and (b) OPS—microrange.

HVAC supply vents

Upper floor

i elel

cart
(EEPS & OPS)

Aerosol
generator

FIG. 4. Schematic of the experiment setup.
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TABLE I. Experimental measurement locations.

No. Case Sampling seat Injection seat
1 Ambient No. 0 (driver) None

2 A-1 No. 0 (driver) No. 5 (front)

3 A-2 No. 0 (driver) No. 9 (middle)
4 A-3 No. 0 (driver) No. 15 (back)
5 B-1 No. 31 (front) No. 5 (front)

6 B-2 No. 31 (front) No. 9 (middle)
7 B-3 No. 31 (front) No. 15 (back)
8 C-1 No. 9 (middle) No. 5 (front)

9 C-2 No. 9 (middle) No. 9 (middle)
10 C-3 No. 9 (middle) No. 15 (back)

the aerosol size distribution and concentrations from the smoke
generator spray plume (including three repeated measurements).
Figure 3(a) is the nanorange aerosol EEPS result, and Fig. 3(b)
is the microrange aerosol OPS result. The particle concentration
over 30 nm diameter shows consistent results for all three experi-
ments, and it is due to the exceeded maximum concentration limit
of the EEPS instrument. The OPS results in Fig. 3(b) also showed
a maximum concentration as the particle size approaches 500 nm
diameter, and the smoke generator emitted a maximum particle
diameter around 2.7 ym, as indicated by the arrow. Based on the
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literature, the virus size is around 50 nm-200 nm [purple shad-
owed area in Fig. 3(a)], and the virus carrying aerosol size is up to
5 yum [green shadowed area in Figs. 3(a) and 3(b)]. Thus, the aerosols
are sufficient for representing the target aerosols in this study.

B. Experimental results

Measurements were taken to assess the influence of the loca-
tion on the bus and the effects of having the windows open or closed.
Each condition is classified by the locations of aerosol sampling and
injection. The sample location is denoted as A, B, or C, correspond-
ing to the driver (seat 0), front passenger (seat 31), or middle pas-
senger (seat 9), as depicted in Fig. 4. The three injection locations
are denoted 1, 2, or 3, corresponding to the front (seat 5), mid-
dle (seat 9), or back (seat 15). Table I summarizes the experimental
measurement locations.

Table IT shows the detailed geometry of sampling and injection
points, and the measured distance (D) and height (k) values are from
the sidewall and the floor on the bus. The direction of aerosol injec-
tion and sampling followed the passenger and driver face direction
of the seats, so the front (1, B) and middle (2, C) seats are toward the
bus central direction and the driver (A) and back (3) seats are toward
the front direction, as shown in Fig. 4.

The baseline experiments were conducted in a stationary bus
with the windows and doors closed. The aerosol numbers and con-
centration are sensitive to the ambient environment (such as tem-
perature, pressure, and humidity), so each case of experiments was

TABLE II. Sampling and injection location (D—distance from the sidewall and h—height from the floor).

Type Location Seat No. Distance (D) Height (h)
Sampling (A) Driver No. 0 21.0in (0.53 m) 35.0in (0.89 m)
Sampling (B) Passenger—front No. 31 31.0in (0.79 m) 42.0in (1.07 m)
Sampling (C) Passenger-middle No. 9 31.0in (0.79 m) 45.0in (1.14 m)
Injection (1) Passenger—front No. 5 22.0in (0.56 m) 20.5in (0.52 m)
Injection (2) Passenger-middle No. 9 25.0 in (0.64 m) 21.5in (0.55 m)
Injection (3) Passenger-back No. 15 23.5in (0.60 m) 23.5in (0.60 m)
7x10° — T T T fa) T T T T 5x10° T T T (bl) T T T T
A-. - — - Windows Closed Ist N
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FIG. 5. Total concentrations with and without windows open: (a) nanosized aerosols and (b) microsized aerosols. Case A-3.

Phys. Fluids 33, 015116 (2021); doi: 10.1063/5.0037452
Published under license by AIP Publishing

33,015116-5


https://scitation.org/journal/phf

Physics of Fluids

(@)

ARTICLE

scitation.org/journal/phf

(b) (©)

5x10°,

1.0x10° 5x10°

I Windows Closed

I Windows Open
4x10°F

w

¢

:
.

Maximum Concentration [#/cm’]
Maximum Concentration [#/cm’]

0 i
A-1 (FrontInj.)  A-2 (Middle Inj.)  A-3 (Back Inj.) B-1 (Front Inj.)

B-2 (Middle Inj.)

I Windows Closed!
I Windows Open

I Windows Closed

B Windows Open
4x10°F

3x10°+

2x10°+

1x10°F

Maximum Concentration [#/cm’]

0
B-3 (Back Inj.) C-1 (FrontInj.)  C-2 (Middle Inj.)  C-3 (Back Inj.)

FIG. 6. Nano-sized aerosol maximum concentration comparisons under window open and closed conditions: sampling at (a) the driver seat, (b) front seat, and (c) middle
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FIG. 7. Response time comparison between window closed and open conditions: sampling at (a) the driver seat, (b) front seat, and (c) middle seat.

repeated at least two times for all conditions and on different days
for the baseline experiments. In this study, the aerosol response time
was calculated as the time difference between the aerosol injection
and the initial slope change in the total concentration in all cases.

Figure 5 shows the time history of the aerosol concentration
measured with both instruments for case A-3 when the bus is
stopped, but the windows are either open or closed. The measure-
ments are repeated two times, and the average is shown in the dark
line. The first observation is that the effect of opening the windows is
significant to reduce the concentration. The concentration of nanor-
ange aerosol in Fig. 5(a) is reduced by half with windows open, and
the microsize aerosol has the same trend, as shown in Fig. 5(b).
Also, it is remarkable to see that the aerosol response time is greatly
shortened with windows open for aerosols of both size ranges. The
reduced response time could be due to the promoted air mixing with
windows open.

Figure 6 depicts the summary of all nine cases of experiments.
Similar to case A-3 in Fig. 5, the maximum concentration is reduced
by ~50% when the windows are opened for all cases.

Figure 7 shows the summary of the response time with the win-
dows open and closed. Although there are no significant variations
between the window open and closed conditions, when the distance
between the injection sampling locations is short, the response time
is reduced with windows open.

IV. COMPUTATIONAL ANALYSIS

The Reynolds-Averaged Navier-Stokes (RANS) equations are
numerically solved to predict the turbulent flow field inside and
around the bus. An energy equation is used to account for the influ-
ence of temperature variations. The virus-laden aerosols are mod-
eled as a continuum in which the concentration density evolves
according to its transport equation. The RANS equations together
with the energy and aerosol concentration equations are solved
using a customized solver based on the OpenFOAM open source
CFD library.

A. Numerical solver and governing equations

1. Modeling of the airflow

The flow inside and around the bus is assumed to be incom-
pressible and turbulent. The unsteady RANS equations represent the
conservation of mass and momentum and are expressed as

V-u=0, (2)

% + V- (uu) = =Vprgn —g-XV(pﬁo) +V- [Veff(VlH VUT)]» (3
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where u and pyy, are the Reynolds-averaged velocity vector and
kinematic pressure, g is the acceleration due to gravity, and ves is
the effective viscosity that accounts for both molecular and turbu-
lent diffusion. The Boussinesq approximation is used in this model
such that the density difference is ignored except in the gravitational
term.”” The nominal air density is po, and the local density is p.

The kinematic pressure represents the difference between the
total pressure and the hydrostatic pressure, i.e., prgh = (p — pg - X)/po.
The local density is determined from the local temperature accord-
ing to p/po = 1 — B(T — Ty). Here, B is the thermal expansion coef-
ficient and takes a value of § = 3 x 107> K™', and T and Ty are the
local and nominal temperatures, respectively.

The temperature variations between the outside air, the cooled
air coming from the air-conditioning system, and the passengers can
generate flows due to buoyancy effects. As the temperature varies, so
does the air density. For small variations in temperature (~10 °C)
and flow speeds much less than the speed of sound, the density
variation can be neglected in the continuity equation and momen-
tum equation with the exception of the gravity term (refer to pp.
117-121 in Ref. 23).

The equation governing temperature is

oT

oV (uT) - V- (@xVT) =0, 4
where a.g = v¢/Pr; + v/Pr and Pr; = 0.9 and Pr = 0.71 are the turbu-
lent and laminar Prandtl numbers, respectively. The k —¢ turbulence
model is used to determine the turbulent viscosity.”*

2. Modeling of aerosol transport

When humans breathe, cough, sneeze, sing, etc., small droplets
are exhaled into the surrounding air. Under normal conditions such
as breathing, speaking, and even coughing, most of the exhaled
droplets are under 1 ym in diameter and rarely larger than 5 ym.””*°
This has significant relevance on the distance that an exhaled par-
ticle can travel. While larger particles are dominated by gravity and
are pulled vertically downwards, the smallest particles are neutrally
buoyant and move passively with the carrier fluid. To evaluate the
role of gravity on the particle trajectory, the Stokes number of the
droplets can be calculated as St = 7,,/77, where the droplet kinematic

timescale 7, = pyd,/(18vpy), with p, and py being the densities of the
particle and the fluid, respectively. For the majority of the exhaled
droplets (d, < 1 um), the droplet kinematic timescale 7, < 1 us. In
an indoor environment, the fluid timescale s is larger than 1 s. The
present numerical simulations focus on the transport of the droplets
that travel passively with the carrier fluid, which are those with a
diameter less than 5 ym.

The transport of respiratory aerosols is complex and depends
on different physical processes,”” including particle collisions, con-
vection, diffusion, gravity, deposition, and evaporation. For exam-
ple, the flow and aerosol transport in the lung are dominated by
convection, diffusion, and deposition. The transport in a breathing
alveolus of particles of the size 0.01 < d, < 1 ym is modeled with an
Eulerian—Eulerian approach.”® The diffusion of submicron particles
is modeled with a Stokes-Einstein coefficient that depends on the
aerosol diameter. Aerosol transport in the lung can also be treated
with particle-tracking methods. The study of convection, diffusion,
and sedimentation of aerosols in a multigenerational acinar network
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of a lung” shows that convection dominates for micrometer-size
particles, and diffusion becomes important for submicron particles.

The transport and viability of aerosols just after exhalation
depend on convection, diffusion, and evaporation. The ambient
weather conditions such as temperature and humidity play a criti-
cal role in the viability of the virus after exhalation.”’ A Eulerian-
Lagrangian approach is used to study the influence of environmental
conditions, and it is shown that the wind speed and high humidity
contribute to the distance that the aerosols travel and significantly
influence viability of the virus.”

The focus of the current work is the transport of micrometer-
sized aerosols through a mechanically ventilated bus environment.
The aerosols are considered as a passive scalar, and their trans-
port is modeled with a convection-diffusion equation. The exhaled
particles are described as an aerosol concentration of droplets per
unit volume, C(x, t). The concentration field C is governed by the
convection-diffusion equation,

% +V - (uC) = V- (DVC) =0, (5)
where Deg = v4/Sc; + v/Sc and Sc; = Sc = 1 are the turbulent and
laminar Schmidt numbers, respectively. A Schmidt number of unity
assumes that the aerosol diffuses at the same rate as momentum,
which is relevant to 1 ym-10 um particles under consideration, and
thus, Brownian motion and other thermal effects on diffusion are
neglected. This assumption is also used in the design of clean rooms
for the manufacture of semiconductors.”

The equations governing the fluid flow, temperature, and
aerosol concentration are solved using the OpenFOAM open
source CFD library. A new solver is created based on
buoyantBoussinesqPimpleFoam from OpenFOAM version 1906.
The new solver includes an additional transport equation for the
aerosol concentration. All discretization schemes are nominally
second-order in space and time. The convection term in each trans-
port equation is discretized with the second-order upwind scheme.

B. Computational setup and case designs

The bus geometry, including the interior of the cabin, windows,
doors, seats, hand rails, ventilation supply, and return (see Fig. 1), are
determined from a laser scanner and used for generating the com-
putational grid of the fluid domain. Manikins are placed at different
locations inside the bus: a driver sitting behind the wheel and stand-
ing passengers. All simulations are conducted with a total of three
people on the bus.

The infected passenger has a shedding rate of 50 s'. A contin-
uous breathing assumption is used so that the velocity on the mouth
of the infected passenger is always outward at a breathing rate of
0.11/s. The continuous breathing model'***~*" is appropriate for the
analysis of the virus transport throughout the bus over the course of
minutes. The mouth is modeled as a circle of diameter 0.04 m. For
more detailed analysis of the flow near the mouth and the unsteady
effects of inhalation and exhalation, an unsteady breathing model
and particle tracking are required.”

A turbulence intensity of 2.5% and a turbulence length scale
of 5 x 107> m are enforced at the supply vents for cooled air at
20°C. For the breath of the passengers, the turbulence intensity
and turbulence length scale are 10% and 7.5 x 107> m. A normal
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oral temperature of 37 °C is applied for the mouths of passengers
as boundary conditions. The remaining surfaces of the cabin are
assumed to be no-slip and adiabatic walls. Details of the boundary
condition setup and relevant material parameters are summarized in
Table II1.

A precursor simulation of 3 min duration is performed to gen-
erate a fully developed turbulent flow field inside the passenger
cabin. The resulting flow field is used for the initial condition for
the simulation and analysis of the aerosol transport.

A series of simulations are performed to assess the numeri-
cal uncertainty, the influence of the HVAC system, the influence
of the location of the infected passenger, and the roles of open-
ing the windows and doors. The basic setup of all simulation cases
is summarized in Table I'V. In runs 1-8, windows and doors are
kept closed, where different mesh resolutions and HVAC rates are
applied to investigate the numerical uncertainty and the role of ven-
tilation rates. The influence of the infected passenger’s location is
considered by placing the passenger standing in the front or stand-
ing in the middle of the bus. In runs 9-12, all windows are kept
open and the bus runs at a constant speed of 25 mph (40.23 km/h).
Run 13 is designed to examine the effects of opening doors
at bus stops.

TABLE lll. Boundary conditions and material properties for the simulation.
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V. RESULTS AND DISCUSSION

To visualize the flow field and spatial distribution of aerosol
concentration, the results are displayed on two selected planes
within the bus: a vertical plane at the centerline of the bus and a
horizontal plane at the elevation of the mouths of the passengers
standing on the front platform or sitting on rear seats.

The number of inhaled particles is adopted as a cumulative
point of view to define the risk of each person as’

Ny(t) = fo ‘ev, dr, ©)

where V, is the human breathing rate, and we assume the average
rate as V}, = 0.33 dm®s™". While it is still unclear how much dose of
virus is needed for someone to be infected,”® we use a conservative
assumption of Ny it = 50. This value is based on the work of Kolin-
skiand Schneider”” where they analyzed 20 reported superspreading
events during the ongoing pandemic.

Heat transfer and evaporation modeling are a critical part of
predicting virus transmission. Zang et al.”® reviewed and studied
various applications of droplet evaporation including droplets con-
taining biological matter, and they emphasized that the complexity

Boundary name

Boundary conditions

Passenger mouth

Velocity inlet/outlet, 0.1 m/s, 37°C, 2.5% turbulence intensity, turbulence length scale is 5 x 107> m

and 1 =505~ ' for the infected passenger

HVAC supply vents

Velocity inlet, maximum rate is 5.4 m/s, 20 °C, 10% turbulence intensity and turbulence length scale is

7.5 x 10" > m, circulate 80% of aerosols exiting through HVAC return

HVAC return
Seats, rails and cabin surfaces
Material parameters

Pressure outlet
No-slip and adiabatic walls

v=15x10 >m?/s, To =20°C,f=3x10 *K ', Pr=0.71, Pr, = 0.9, g = 9.81 m/s>, Sc = 1, S¢; = 1

TABLE IV. Case setup including the location of the infected passenger, number and location of susceptible passengers, grid
resolution, and the ventilation rate represented by the percentage of the maximum HVAC flow rate.

Run No. Infected passenger Susceptible passengers Grid HVAC rate
1 Standing front One standing rear Coarse Maximum
2 Medium

3 Fine

4 Medium 50%

5 .. 10%

6 Standing middle Maximum
7 S 50%

8 10%

9 Standing front Coarse Maximum
10 Medium

11 e Fine

12 Standing middle Medium

13 Standing front
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FIG. 8. Numerical grid in front of the cabin with the close-up of the HVAC supply
vent.

in this problem arises from the multi-scale nature of the process.
Dbouk and Drikakis”> show that high temperature and low rela-
tive humidity lead to high evaporation rates of virus-laden aerosols,
which reduces the virus viability. The present analysis neglects the
effects” * of heat transfer and evaporation modeling and thus
represents a conservative analysis of the risk of transmission.

A. Refinement study

The computational mesh is comprised of finite volumes that are
dominantly hexahedral. Local refinement is used around fine fea-
tures, namely, the HVAC supply vents, the manikins, and parts of
the bus surface such as seats, windows, and handrails.

A grid refinement study is performed to assess the sensitivity
of the results on the numerical discretization. Three grids with res-
olutions of 250 mm, 125 mm, and 62.5 mm in the bulk of the flow
domain are adopted as the coarse, medium, and fine grids, with a
total number of cells of 2.04, 5.87, and 11.65 x 10°, respectively. The
supply vents and mouths of people have the smallest cell sizes of

inhaled particles
1.0e+01 20 50 100 200 500 1000 2000
I |

5.0e+03
I L ! |
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2 mm and 4 mm, which are the same for all three grids. The time
step size is set based on a maximum Courant number of 25, which
corresponds to the step size of ~0.005 s for each simulation at the
maximum ventilation rate. An image of the medium grid is shown
in Fig. 8.

The number of inhaled particles after 15 min for each location
on the bus for fine grid run 3 is shown in Fig. 9. Note that the con-
tours are spaced with logarithmic scaling. The infected passenger is
placed at the front of the bus. The darker colors near the front pas-
senger indicate that if another passenger was positioned there, the
number of particles inhaled in 15 min would be much greater than
the assumed threshold of 50. In the back of the bus, the number of
inhaled particles is less. The primary mechanisms that set the dis-
tribution of particles through the bus are convection due to the air
currents of the HVAC system, the mixing due to turbulence, and the
dilution due to the addition of fresh air in the HVAC system.

The time histories of concentration at three locations in the bus
are shown in Fig. 10. The locations are shown as black stars in Fig. 9.
Inspection of the time histories shows that the three grids predict the
same concentration field at all three locations, although the small
differences are greatest for the probe in the front of the bus. Also,
the time history shows that the equilibrium concentration is reached
after ~150 s for the middle probe and after 200 s for the rear probe.
This indicates that even a short trip on a bus can present exposure to
a passenger, although the quantity of inhaled particles will be small
at first and grow with time. The results in Fig. 10 can be compared
to the experimental measurements in Fig. 7. In the experiment, the
response time is calculated as the time between the start of smoke
generation and the initial rise in concentration, and under condi-
tions with the windows closed, this quantity is between 10 s and 30 s.
The grid refinement data are replotted over the range of 100 s to
show that the response time is similar. It is interesting to note the
largest rise time is for the position in the front of the bus. This is
due to the lower convection velocity from the HVAC, and both the
experiment and simulation are in agreement with this point. Based
on the analysis of runs 1-3, the medium grid is used for the rest of
the runs for the window-closed simulations.

B. Flow-field inside bus

Turbulence is a primary transport mechanism for aerosols,
and it depends on the geometry of the passenger compartment,

FIG. 9. Contour of inhaled particles on the center plane of the bus, t = 15 min. Black stars indicate the probe locations.
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FIG. 10. Time histories of concentration with different grid resolutions. (a) Front probe, (b) middle probe, and (c) rear probe.

the opening of doors and windows, and the HVAC system. The
high-resolution simulations used in this work allow for inspec-
tion of the dominant flow features in the passenger compart-
ment. Figure 11 shows the velocity vector field on the cen-
ter plane together with the concentration field (top) and the
vorticity field (bottom). It can be seen that the turbulent flow
moves both up and down as the net flow is rearward through
the compartment. The highest values of vorticity are observed
near corners and the supply vents, which aid in mixing aerosol
concentration.
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C. Risk under different ventilation rates

The HVAC system is a primary aspect of the transport of
aerosols within the bus (this is true for many confined spaces), and it
is important to quantitatively assess how the exposure varies as the
HVAC fan speed is changed. The HVAC system adds fresh air as
a fraction of its flow rate (in this case 20%), and it acts to mix and
transport the smallest particles through the cabin.

Figures 12 and 13 shows the contours of inhaled particles for
three different HVAC settings: the maximum flow rate, 50% of the

-5.0e+00 -4 -3 2 -1 0 1 2 3
L
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FIG. 11. Flow field details on the center plane of the bus with windows closed and HVAC at the maximum rate. (a) Contour of aerosol concentration and velocity vectors,

t = 15 min. (b) Contour of vorticity and velocity vectors, t = 15 min.
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FIG. 12. Contours of inhaled particles for different HVAC rates with the infected passenger standing in the front of the bus at t = 15 min. The white contour lines represent the
critical number of inhaled particles Ny, o1 = 50. (a) Maximum HVAC rate. (b) 50% of the maximum rate. (c) 10% of the maximum rate.

maximum, and 10% of the maximum. In Fig. 12, the infected passen-
ger is at the front of the bus, and in Fig. 13, the infected passenger is
in the middle. The contour representing the inhalation of 50 parti-
cles is shown in the thick white line such that inside these contours, a
passenger would inhale more than 50, and outside them, they would
inhale less. Hence, a count of the number of seats or standing posi-
tions inside the area bounded by the white line indicates the number
of transmissions in the 15 min exposure time.

In Fig. 12, it can be seen that as soon as the HVAC rate is
reduced to 50%, the region of elevated risk grows substantially and
covers the entire front of the bus. The case with the infected passen-
ger in front poses serious risk to the driver, especially considering
that the driver is on the bus for extended periods of time.

Figure 13 shows the influence of the HVAC flow rate for the
infected passenger in the middle of the bus. A similar effect is seen
where a reduction in the fan speed enhances the risk to surrounding
passengers, and while the area of greater than 50 particles is rela-
tively small for the 50% fan speed, for the lowest fan speed, nearly
all passengers to the rear of the infected passenger could be infected
during the 15 min trip. In this case, the driver is relatively safe since
the single HVAC return vent draws air toward the rear of the bus and

effectively isolates the driver. Note that for the lowest flow rate, while
the transport of the aerosols is primarily rearward, there is trans-
port forward of the infected passenger. This is due to the chaotic
nature of the turbulent flow, as well as diffusion, which becomes
more important as the ambient air currents lessen in intensity. Also,
while the HVAC adds 20% fresh air, it does take the virus-laden air
and returns it throughout the HVAC supply vents that are located
from the front to rear (this is seen in the white contours near the
supply vents).

To summarize the numbers of transmissions in the 15-min
exposure, when the infected passenger is at the front of the bus, there
will be 3, 5, and 2 transmissions for the 100%, 50%, and 10% HVAC
rates, respectively. The numbers are 0, 3, and 26 when the infected
passenger stands in the middle of the bus.

D. Effects of face masks

Face masks (or face coverings) are a primary line of defense
for reducing COVID-19 transmission. Many researchers around the
world are working to scientifically quantify the effects of wearing
masks. In this work, we use a simple model for a mask based on

Phys. Fluids 33, 015116 (2021); doi: 10.1063/5.0037452
Published under license by AIP Publishing

33, 015116-11


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

scitation.org/journal/phf

inhaled particles
1.0e+01 20 50 100 200
I

| N

500 1000 2000 5.0e+03

FIG. 13. Contours of inhaled particles for different HVAC rates with the infected passenger standing in the middle of the bus at t = 15 min. The white contour lines represent
the critical number of inhaled particles N ¢it = 50. (@) Maximum HVAC rate. (b) 50% of the maximum rate. (c) 10% of the maximum rate.

the work of Ref. 19 in which the fraction of exhaled particles is pre-
dicted using CFD. Face masks are found in different types, and in
this work, two masks, a surgical mask and a handmade mask, are
analyzed. We assume that the surgical mask will block 90% of the
exhaled and inhaled aerosols, and the handmade masks block 30%
of the particles.

Figure 14 shows the contours of inhaled particles for the cases
of no mask (top), everyone with a surgical mask (middle), and every-
one with a handmade mask (bottom). It is impressive to see how
the surgical mask significantly reduces the number of inhaled parti-
cles. In the top figure with no mask, nearly all passengers to the rear
of the infected passenger inhale more than 50. On the other hand,
when everyone wears a surgical mask, during the 15 min ride, not a
single passenger inhales anywhere near 50 particles, and unless the
susceptible person is standing face-to-face with the infected person,
the number of inhaled particles is less than 2.

In the bottom of Fig. 14, the number of particles for a hand-
made mask is shown. Clearly, the effect of wearing a mask is to
reduce the number of aerosols that are inhaled, although in this case,
there are still several people that could be inside the white contour.
Also, for passengers throughout the rear portion of the bus, the effect

of handmade masks is to reduce the number of particles from more
than 50 in the case without masks to a number as low as 20. For this
case, 26 seated passengers will be infected during the 15-min ride if
no one wears a mask, and the number will be 0 if both the infected
and susceptible passengers wear surgical masks and 10 if both wear
handmade masks.

E. Effects of opening windows and doors

An important mechanism for reducing the aerosol concentra-
tion is to add fresh air. This can be done manually by adjusting the
HVAC system or passively when the doors and windows are open on
the bus. To quantify the effect of opening windows and doors, sim-
ulations are conducted with the bus moving at 25 mph (40.23 km/h)
with the windows open. Also, a simulation is done with the windows
closed but with the doors open for 30 s at five stops during the 15 min
trip. For the case with doors open, there is a 5 mph (8.05 km/h) wind
blowing opposite to the direction of travel of the bus.

The primary difference when the doors and windows are open
is that fresh air can be added (or virus-laden air removed), and the
flow field can be materially different. Figure 15 shows the flow field
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FIG. 14. Contours of inhaled particles for different scenarios of face coverings at t = 15 min. The white contour lines represent the critical number of inhaled particles
Ny cit = 50. (a) Nobody wears a mask, (b) everyone wears a surgical mask, and (c) everyone wears a handmade mask.
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FIG. 16. Contours of inhaled particles with different setup for the windows and doors at t = 15 min. The white contour lines represent the critical number of inhaled particles
Np it = 50. (a) Bus is enclosed, (b) windows are open, and (c) doors are open at each stop.

inside the bus with the windows open. This figure should be com-
pared to Fig. 11 where the windows are closed. The most notable
difference is that when the windows are open, there is a net rear-
ward flow for the middle of the bus and behind, but there is a net
outflow through the driver window, which draws air forward. This
highlights the complicated nature of turbulent flows within occu-
pied spaces and how small changes can significantly alter the flow
and hence the risk of transmission. While in the aggregate, the risk
is reduced for passengers when the windows are opened, the risk to
the driver has been increased when the infected passenger is stand-
ing up front in the bus. Similar to the window closed flow field, the
movement of aerosols has both upward and downward motion that
mixes and renders risk the same whether one is seated or standing.
Figure 16 summarizes the results for the effects of opening
windows and doors. At the top of this figure, the result for a sin-
gle passenger without the facemask is shown, and in the middle,
the contour of inhaled particles for the windows open and, in the
bottom, for the case when the windows are closed, yet the doors
open periodically. Here, it is clearly seen how, overall, the number
of inhaled particles decreases significantly throughout the passenger

compartment, with the exception of focusing of virus-laden air in
front of the driver.

The influence of opening the doors is seen to slightly reduce the
number of particles inhaled throughout the bus.

To summarize the numbers of transmissions in the 15-min
exposure, there will be three transmissions in the enclosed cabin: one
transmission (the driver) if windows are open and one transmission
if doors open periodically.

VI. CONCLUSIONS

In this paper, a detailed analysis of the airborne transmission of
respiratory aerosols is conducted using the experimental measure-
ment and computational fluid dynamics. The transmission on an
urban bus is studied to identify the transmission mechanisms and to
assess strategies to reduce risk. Specifically, risk is quantified and the
effects of the air-conditioning system, opening windows and doors,
and wearing masks are analyzed.

Experiments are performed on a campus bus of the Univer-
sity of Michigan. The temporal history of concentration and size of
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particles emitted from a smoke generator are measured for a variety
of particle injection and sampling locations throughout the bus. The
effects of opening doors and windows are quantified.

Numerical simulations are performed with a highly infectious
passenger aboard the bus, and the exhaled aerosols are modeled as
a concentration field. The transport of the aerosol concentration is
determined by the solution of the turbulent flow within the passen-
ger compartment and a transport equation for the concentration. A
risk metric of the number of particles inhaled by susceptible pas-
sengers is defined so that different risk mitigation strategies can be
compared and assessed quantitatively.

The analysis shows that under the condition of the HVAC sys-
tem at its maximum setting, the airflow in the bus is turbulent and
the time scales of transit from an infected passenger to any suscep-
tible passenger are less than a minute. The HVAC flow rate and bus
interior volume correspond to ~60 air-changes/h. While such a high
air-exchange rate is desired, it also means that six-foot spacing does
not protect a susceptible passenger. While the short response time
appears to increase risk, the HVAC actually reduces risk because the
turbulence mixes the aerosols with the ambient air, thereby reduc-
ing concentration, and the HVAC system adds fresh air that, thus,
dilutes the concentration further.

The effect of opening doors and windows is to reduce the con-
centration by approximately one half. The CFD analysis shows that
for almost all passengers, this is true, while care should be exercised
that in certain cases, the outflow of contaminated cabin air could
pass by a passenger (in this case, it is the driver) and increase the risk
to those near the outflow window or door.

A mask model is used to quantify and visualize their influ-
ence. It is shown that well fitted surgical masks, when worn by both
infected and susceptible passengers, can nearly eliminate the trans-
mission of the disease. In the case of poorer quality masks, their
effect is still to reduce transmission for all aboard the bus.

ACKNOWLEDGMENTS

The authors greatly appreciate the staff of the Advanced
Research Computing at the University of Michigan, Ann Arbor,
for providing the computing resources. The authors also acknowl-
edge support and collaboration from the staff at UM Transportation
Services. The authors wish to thank the College of Engineering for
supporting acquisition of aerosol sampling instruments.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

R Zhang, Y. Li, A. L. Zhang, Y. Wang, and M. J. Molina, “Identifying airborne
transmission as the dominant route for the spread of COVID-19,” Proc. Natl.
Acad. Sci. U. S. A. 117, 14857 (2020).

2W. H. Organization et al., Ventilation and air conditioning in public spaces and
buildings and COVID-19: Q&A, 2020.

5R.K. Bhagat, M. D. Wykes, S. B. Dalziel, and P. Linden, “Effects of ventilation on
the indoor spread of COVID-19,” J. Fluid Mech. 903, F1-1 (2020).

ARTICLE scitation.org/journal/phf

“S. Chen, Coronavirus can travel twice as far as official ‘safe distance’ and stay in
air for 30 minutes, Chinese study finds 3 September 2020, South China Morning
Post, https://www.scmp.com/news/china/science/article/3074351/coronavirus-
can-travel-twice-far-official-safe-distance-and-stay.

5Y. Shen, C. Li, H. Dong, Z. Wang, L. Martinez, Z. Sun, A. Handel, Z. Chen,
E. Chen, M. H. Ebell et al., “Community outbreak investigation of SARS-CoV-
2 transmission among bus riders in Eastern China,” JAMA Intern. Med. 180, 1665
(2020).

1. Bourouiba, E. Dehandschoewercker, and J. W. M. Bush, “Violent expiratory
events: On coughing and sneezing,” J. Fluid Mech. 745, 537-563 (2014).

7M. Abkarian, S. Mendez, N. Xue, F. Yang, and H. A. Stone, “Puff trains in
speaking produce long-range turbulent jet-like transport potentially relevant to
asymptomatic spreading of viruses,” arXiv:2006.10671 (2020).

83. L. Miller, W. W. Nazaroff, J. L. Jimenez, A. Boerstra, G. Buonanno, S. J.
Dancer, J. Kurnitski, L. C. Marr, L. Morawska, and C. Noakes, “Transmission
of SARS-CoV-2 by inhalation of respiratory aerosol in the skagit valley chorale
superspreading event,” Indoor Air. (published online, 2020).

9V. Vuorinen, M. Aarnio, M. Alava, V. Alopaeus, N. Atanasova, M. Auvi-
nen, N. Balasubramanian, H. Bordbar, P. Eristd, R. Grande et al, “Mod-
elling aerosol transport and virus exposure with numerical simulations in rela-
tion to SARS-CoV-2 transmission by inhalation indoors,” Saf. Sci. 130, 104866
(2020).

105 Zhu, J. Srebric, J. D. Spengler, and P. Demokritou, “An advanced numer-
ical model for the assessment of airborne transmission of influenza in bus
microenvironments,” Build. Environ. 47, 67-75 (2017).

"F. Li, E. S. Lee, B. Zhou, J. Liu, and Y. Zhu, “Effects of the window openings on
the micro-environmental condition in a school bus,” Atmos. Environ. 167, 434—
443 (2017).

12X. Yang, C. Ou, H. Yang, L. Liu, T. Song, M. Kang, H. Lin, and J. Hang, “Trans-
mission of pathogen-laden expiratory droplets in a coach bus,” J. Hazard. Mater.
397, 122609 (2020).

135, K. Chaudhry and S. P. Elumalai, “The influence of school bus ventilation sce-
narios over in-cabin PM number concentration and air exchange rates,” Atmos.
Pollut. Res. 11, 1396-1407 (2020).

147, T. Ai and A. K. Melikov, “Airborne spread of expiratory droplet nuclei
between the occupants of indoor environments: A review,” Indoor Air 28, 500-
524 (2018).

'SH. C. Yu, K. W. Mui, L. T. Wong, and H. S. Chu, “Ventilation of general hos-
pital wards for mitigating infection risks of three kinds of viruses including Mid-
dle East respiratory syndrome coronavirus,” Indoor Built Environ. 26, 514-527
(2017).

'®Y. Feng, T. Marchal, T. Sperry, and H. Yi, “Influence of wind and relative
humidity on the social distancing effectiveness to prevent COVID-19 airborne
transmission: A numerical study,” J. Aerosol Sci. 147, 105585 (2020).

173, Shen, “Bus network redesign and timetable optimization,” 8 October 2020,
Optimization and Data Analytics Tools for Addressing COVID-19 Related Prob-
lems, https://sites.google.com/umich.edu/decision-tools-for-covid19/decision-
models/bus-network-redesign?authuser=0.

T8W. F. Wells, “On air-borne infection: Study II. Droplets and droplet nuclei,”
Am. ]. Epidemiol. 20, 611-618 (1934).

9T, Dbouk and D. Drikakis, “On respiratory droplets and face masks,” Phys.
Fluids 32, 063303 (2020).

29p, Yangand X. Wang, “Covid-19: A new challenge for human beings,” Cell. Mol.
Immunol. 17, 555-557 (2020).

2IN. Chen, M. Zhou, X. Dong, J. Qu, F. Gong, Y. Han, Y. Qiu, J. Wang, Y. Liu,
Y. Wei et al., “Epidemiological and clinical characteristics of 99 cases of 2019 novel
coronavirus pneumonia in Wuhan, China: A descriptive study,” Lancet 395, 507
513 (2020).

22) H. Ferziger, M. Peri¢, and R. L. Street, Computational Methods for Fluid
Dynamics (Springer, 2002), Vol. 3.

23p K. Kundu, I. M. Cohen, and D. Dowling, Fluid Mechanics, 4th ed. (Elsevier,
2008).

24B. E. Launder and D. B. Spalding, “The numerical computation of turbu-
lent flows,” in Numerical Prediction of Flow, Heat Transfer, Turbulence and
Combustion (Elsevier, 1983), pp. 96-116.

Phys. Fluids 33, 015116 (2021); doi: 10.1063/5.0037452
Published under license by AIP Publishing

33, 015116-15


https://scitation.org/journal/phf
https://doi.org/10.1073/pnas.2009637117
https://doi.org/10.1073/pnas.2009637117
https://doi.org/10.1017/jfm.2020.720
https://www.scmp.com/news/china/science/article/3074351/coronavirus-can-travel-twice-far-official-safe-distance-and-stay
https://www.scmp.com/news/china/science/article/3074351/coronavirus-can-travel-twice-far-official-safe-distance-and-stay
https://doi.org/10.1001/jamainternmed.2020.5225
https://doi.org/10.1017/jfm.2014.88
http://arxiv.org/abs/2006.10671
https://doi.org/https://doi.org/10.1111/ina.12751
https://doi.org/10.1016/j.ssci.2020.104866
https://doi.org/10.1016/j.buildenv.2011.05.003
https://doi.org/10.1016/j.atmosenv.2017.08.053
https://doi.org/10.1016/j.jhazmat.2020.122609
https://doi.org/10.1016/j.apr.2020.05.021
https://doi.org/10.1016/j.apr.2020.05.021
https://doi.org/10.1111/ina.12465
https://doi.org/10.1177/1420326x16631596
https://doi.org/10.1016/j.jaerosci.2020.105585
https://sites.google.com/umich.edu/decision-tools-for-covid19/decision-models/bus-network-redesign?authuser=0
https://sites.google.com/umich.edu/decision-tools-for-covid19/decision-models/bus-network-redesign?authuser=0
https://doi.org/10.1093/oxfordjournals.aje.a118097
https://doi.org/10.1063/5.0015044
https://doi.org/10.1063/5.0015044
https://doi.org/10.1038/s41423-020-0407-x
https://doi.org/10.1038/s41423-020-0407-x
https://doi.org/10.1016/s0140-6736(20)30211-7

Physics of Fluids

Z5R. S. Papineni and F. S. Rosenthal, “The size distribution of droplets in
the exhaled breath of healthy human subjects,” J. Aerosol Med. 10, 105-116
(1997).

26p, Fabian, J. J. McDevitt, W. H. DeHaan, R. O. P. Fung, B. J. Cowling, K. H.
Chan, G. M. Leung, and D. K. Milton, “Influenza virus in human exhaled breath:
An observational study,” PLoS One 3, €2691 (2008).

27 A. Tsuda, F. S. Henry, and J. P. Butler, “Particle transport and deposition: Basic
physics of particle kinetics,” Compr. Physiol. 3, 1437-1471 (2011).

28 A, Chakravarty, N. A. Patankar, and M. V. Panchagnula, “Aerosol transport in
a breathing alveolus,” Phys. Fluids 31, 121901 (2019).

29p, Hofemeier and J. Sznitman, “Revisiting pulmonary acinar particle transport:
Convection, sedimentation, diffusion, and their interplay,” J. Appl. Physiol. 118,
1375-1385 (2015).

30T, Dbouk and D. Drikakis, “Weather impact on airborne coronavirus survival,”
Phys. Fluids 32, 093312 (2020).

31S. C. Hu, Y. K. Chuah, and M. C. Yen, “Design and evaluation of a minienvi-
ronment for semiconductor manufacture processes,” Build. Environ. 37, 201-208
(2002).

52Y. Yin, J. K. Gupta, X. Zhang, J. Liu, and Q. Chen, “Distributions of respira-
tory contaminants from a patient with different postures and exhaling modes in a
single-bed inpatient room,” Build. Environ. 46, 75-81 (2011).

335, Zhu, S. Kato, S. Murakami, and T. Hayashi, “Study on inhalation region
by means of CFD analysis and experiment,” Build. Environ. 40, 1329-1336
(2005).

345, Murakami, “Analysis and design of micro-climate around the human body
with respiration by CFD,” Indoor Air 14, 144-156 (2004).

35T, Dbouk and D. Drikakis, “On coughing and airborne droplet transmission to
humans,” Phys. Fluids 32, 053310 (2020).

36H. Ledford, “How does COVID-19 kill? Uncertainty is hampering doctors’
ability to choose treatments,” Nature 580, 311-312 (2020).

ARTICLE scitation.org/journal/phf

57). M. Kolinski and T. M. Schneider, “Superspreading events suggest
aerosol transmission of SARS-CoV-2 by accumulation in enclosed spaces,”
arXiv:2007.14807 (2020).

38D, Zang, S. Tarafdar, Y. Y. Tarasevich, M. Dutta Choudhury, and T. Dutta,
“Evaporation of a droplet: From physics to applications,” Phys. Rep. 804, 1-56
(2019).

39G. Buonanno, L. Stabile, and L. Morawska, “Estimation of airborne viral
emission: Quanta emission rate of SARS-CoV-2 for infection risk assessment,”
Environ. Int. 141, 105794 (2020).

“05. A. Otter, C. Donskey, S. Yezli, S. Douthwaite, S. D. Goldenberg, and D. J.
Weber, “Transmission of SARS and MERS coronaviruses and influenza virus
in healthcare settings: The possible role of dry surface contamination,” J. Hosp.
Infect. 92, 235-250 (2016).

“IN. Van Doremalen, T. Bushmaker, D. H. Morris, M. G. Holbrook, A. Gamble,
B. N. Williamson, A. Tamin, J. L. Harcourt, N. J. Thornburg, S. I. Gerber et al.,
“Aerosol and surface stability of SARS-CoV-2 as compared with SARS-CoV-1,”
N. Engl. J. Med. 382, 1564-1567 (2020).

“2Y. Yin, W. Xu, J. K. Gupta, A. Guity, P. Marmion, A. Manning, B. Gulick,
X. Zhang, and Q. Chen, “Experimental study on displacement and mixing ven-
tilation systems for a patient ward,” HVACR Res. 15, 1175-1191 (2009).

43C.Y. H. Chao, M. P. Wan, L. Morawska, G. R. Johnson, Z. D. Ristovski, M. Har-
greaves, K. Mengersen, S. Corbett, Y. Li, X. Xie et al., “Characterization of expi-
ration air jets and droplet size distributions immediately at the mouth opening,”
J. Aerosol Sci. 40, 122-133 (2009).

447, P. Duguid, “The size and the duration of air-carriage of respiratory droplets
and droplet-nuclei,” Epidemiol. Infect. 44, 471-479 (1946).

“*R. G. Loudon and R. M. Roberts, “Droplet expulsion from the respiratory tract,”
Am. Rev. Respir. Dis. 95, 435-442 (1967).

“83. . Sazhin, “Advanced models of fuel droplet heating and evaporation,” Prog.
Energy Combust. Sci. 32, 162-214 (2006).

Phys. Fluids 33, 015116 (2021); doi: 10.1063/5.0037452
Published under license by AIP Publishing

33,015116-16


https://scitation.org/journal/phf
https://doi.org/10.1089/jam.1997.10.105
https://doi.org/10.1371/journal.pone.0002691
https://doi.org/10.1002/cphy.c100085
https://doi.org/10.1063/1.5127787
https://doi.org/10.1152/japplphysiol.01117.2014
https://doi.org/10.1063/5.0024272
https://doi.org/10.1016/s0360-1323(00)00095-0
https://doi.org/10.1016/j.buildenv.2010.07.003
https://doi.org/10.1016/j.buildenv.2004.11.009
https://doi.org/10.1111/j.1600-0668.2004.00283.x
https://doi.org/10.1063/5.0011960
https://doi.org/10.1038/d41586-020-01056-7
http://arxiv.org/abs/2007.14807
https://doi.org/10.1016/j.physrep.2019.01.008
https://doi.org/10.1016/j.envint.2020.105794
https://doi.org/10.1016/j.jhin.2015.08.027
https://doi.org/10.1016/j.jhin.2015.08.027
https://doi.org/10.1056/nejmc2004973
https://doi.org/10.1080/10789669.2009.10390885
https://doi.org/10.1016/j.jaerosci.2008.10.003
https://doi.org/10.1017/s0022172400019288
https://doi.org/10.1164/arrd.1967.95.3.435
https://doi.org/10.1016/j.pecs.2005.11.001
https://doi.org/10.1016/j.pecs.2005.11.001

